ABSTRACT: The Hybrid Compact Gamma Camera (HCGC) is a portable optical-gamma hybrid imager designed for intraoperative medical imaging, particularly for sentinel lymph node biopsy procedures. To investigate the capability of the HCGC in lymphatic system imaging, two lymphoscintigraphic phantoms have been designed and constructed. These phantoms allowed quantitative assessment and evaluation of the HCGC for lymphatic vessel (LV) and sentinel lymph node (SLN) detection. Fused optical and gamma images showed good alignment of the two modalities allowing localisation of activity within the LV and the SLN. At an imaging distance of 10 cm, the spatial resolution of the HCGC during the detection process of the simulated LV was not degraded at a separation of more than 1.5 cm (variation < 5%) from the injection site (IS). Even in the presence of the IS the targeted LV was detectable with an acquisition time of less than 2 minutes. The HCGC could detect SLNs containing different radioactivity concentrations (ranging between 1:20 to 1:100 SLN to IS activity ratios) and under various scattering thicknesses (ranging between 5 mm to 30 mm) with high contrast-to-noise ratio (CNR) values (ranging between 11.6 and 110.8). The HCGC can detect the simulated SLNs at various IS to SLN distances, different IS to SLN activity ratios and through varied scattering medium thicknesses. The HCGC provided an accurate physical localisation of radiopharmaceutical uptake in the simulated SLN. These characteristics of the HCGC reflect its suitability for utilisation in lymphatic vessel drainage imaging and SLN imaging in patients in different critical clinical situations such as interventional and surgical procedures. KEYWORDS: Gamma camera, SPECT, PET PET/CT, coronary CT angiography (CTA); Scintigraphy and whole-body imaging; Multi-modality systems; Intra-operative probes 1 Introduction
The lymphatic system performs the chief function of monitoring tissue fluid balance through emptying interstitial pores and conserving protein concentrations in order to preserve colloid osmotic pressure [1] . Various pathologies are developed if the lymphatic system is unable to function normally. The most common is lymphedema, in which tissues are damaged beyond repair as a result of interruption of lymphatic transport [2] . The lymphatic system has also attracted attention for its part in tumour metastasis and in dermal drug delivery [3] [4] [5] [6] . The role of the lymphatic system in the spread of diseases and therapy processes has necessitated swift progress in the diagnostic imaging tools that are capable of quantifying lymphatic system function via providing functional imaging of lymphatic contractions and lymph flow towards lymph nodes. Functional imaging of the lymphatic system in nuclear medicine is known as lymphoscintigraphy. A common procedure involves isolating the sentinel lymph node (SLN), the first node that receives lymph drainage from a tumour, performing a biopsy or surgery to identify the stage of cancer and generating a corresponding treatment plan. Lymphoscintigraphy can also locate the blockage position in the lymphatic vessels (LVs), such as lymph flow in an arm or leg, or lymphedema [7] [8] [9] [10] . In routine medical practice, lymphoscintigraphy makes use of a conventional large field of view (LFOV) gamma camera to obtain images. These cameras are unavailable for intraoperative imaging so, if required during surgery, regions of high activity are identified using non-imaging gamma probes. The proposed benefits of intraoperative imaging have led to a number of new intraoperative imaging systems currently in development [11, 12] .
In this paper, the suitability of a new intraoperative imaging system -the Hybrid Compact Gamma Camera (HCGC) -for lymphoscintigraphy and intraoperative SLN imaging has been investigated. The techniques and phantoms used in this report are applicable to any SFOV gamma imaging system and may be used for quantitative performance comparisons.
Hybrid Compact Gamma Camera design
The basic components of the HCGC are an e2v CCD97 back illuminated (BI) charge-coupled device (CCD) [13] , a caesium iodide scintillator doped with thallium CsI(Tl) coupled to the CCD and a single-pinhole collimator. A reconstruction algorithm interprets the CCD data, providing the position and energy for each individual gamma photon interaction [14] . The magnification of the system depends on the distance from the pinhole collimator to the object under examination. Figure 1A shows the way that gamma photons from the source pass through the mirror with minimal absorption (< 3% for 140 keV photons) and minimal scatter, whereas optical photons are -2 -
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reflected by the mirror towards the optical camera. The results of both optical and gamma cameras are captured simultaneously and may be displayed separately or as a combined image. The HCGC is therefore able to provide high spatial resolution multi-modality imaging.
The use of pinhole collimators for the HCGC has two main advantages; it simplifies the design and it increases the possible imaging field of view whereas a parallel-hole collimator would restrict the field of view (FOV) to the image area of the CCD ∼ 8 mm × 8 mm [14] . The collimators are manufactured from tungsten discs, 6 mm thick and 45 mm in diameter. The extrinsic sensitivity using 0.5 mm diameter pinhole collimator is 214 cps/MBq. Keeping in view the requisites of spatial resolution and sensitivity required in a range of applications, 0.5 mm or 1.0 mm pinhole diameters can be utilised, each having an acceptance angle of 60 • [15] . More details about the HCGC characterisation and design have been reported elsewhere [14, 16] .
Materials and methods

Phantom construction
To evaluate the ability of HCGC for use in sentinel node lymphoscintigraphy, two lymphoscintigraphic phantoms have been developed and fabricated in-house. These phantoms are constructed from Perspex (methyl methacrylate PMMA) plates. Perspex has been utilised in manufacturing these medical phantoms because of its acceptable degree of similarity with human tissue [17] .
Lymphatic vessel phantom design and activity simulation
The first phantom, a lymphatic vessel phantom, has been constructed to assess the capability of the HCGC for lymphatic vessel drainage imaging. It consists of a 10 mm diameter Eppendorf tube containing about 60 MBq of 99m Tc (0.5 ml) imitating the injection site, and a lymphatic vessel simulated by an 80 mm long capillary tube (1.1 mm internal diameter) filled by approximately 16 MBq of 99m Tc solution (0.1 ml). The capillary tube was placed underneath thicknesses of Perspex ranging from 5 mm to 30 mm to simulate the lymphatic vessel at different depths inside the human body with a superficial injection site. This simulated lymphatic vessel (LV) is comparable in size to natural lymphatic vessels; for instance, the diameters of lymphatic vessels in the distal parts of the lower extremities range between 0.8 mm and 1.5 mm [18] .
Melanoma phantom design and activity simulation
The second phantom, a melanoma phantom, is a combination phantom. It simulates the injection site, the lymphatic vessel and SLN of approximately average size [19] . The melanoma phantom was used to evaluate the relationship between activity uptake and the HCGC sensitivity at different depths. The effect of the distance from the injection site to the sentinel lymph node on the image quality was also evaluated utilising this phantom. The configuration of the first phantom has been used as a basis for this phantom; however, two square Perspex plates (80 × 80 mm) with 8 mm thickness have been added. One plate contains a 7 mm diameter (6 mm depth) well to mimic a SLN, and the second plate has a 70×70 mm square well to simulate the background activity around the SLN. Figure 2 shows an illustration of both lymphoscintigraphic phantom designs utilised in this study. For the melanoma phantom, the simulated injection site (i.e. Eppendorf tube) was filled with 0.5 ml of a 99m Tc solution (15 MBq total) [20] . The SLN was simulated by various activities with SLN to IS ratios ranging between 1:20 to 1:100 in 0.1 ml solutions. The simulated activity of the background was one tenth of the SLN activity (i.e. 1:10 BG to SLN ratio). The 80 mm long lymphatic vessel (capillary tube) contained the same activity in the SLN distributed over approximately 0.1 ml (see table 1 ).
Injection site (IS), lymphatic vessel (LV) and sentinel lymph node (SLN) activity simulation challenge
Lymphatic vessel activity simulation
The lack of clinical data for estimated activity concentrations in LVs in the human body during lymphoscintigraphic procedures and the difficulty in performing these kinds of studies is a result of the nature of lymphatic vessels. They have varying and uncertain diameters and depths; even for a known lymphatic route, the proximal and distal parts can differ in diameter and depth [18] . Moreover, the physiological condition of the examined part specifically and the whole body generally plays a primary role in determining the ratio of the radioactivity which is trapped in the LVs [21, 22] . Many external factors can affect the uptake ratio in the LVs, such as the amount of administrated activity and the time delay between the administration of the activity and the scanning procedure. The scattering effect produced by hot spots (e.g. the IS) close to the LV may also -4 -influence the ability to detect it. Therefore, the different amounts of activity used to simulate the activity in the LV in both phantoms were selected to determine the detection limit of the HCGC.
Sentinel lymph node (SLN) activity simulation
In clinical practice, it is a laborious task to determine the specific ratio of SLN to IS activity since there are many radiocolloids (radiopharmaceuticals) with widely varying molecular diameters, which affect the activity flow and spread. The ratio is also strongly affected by time delays between the initial administration of the radioactivity and the surgical procedure. Furthermore, the SLNs vary extensively in size, shape and the number of lymphatic suppliers, which may also affect the radioactive dose uptake [23] . In addition, many authors endorse stress lymphoscintigraphy for the extremities after the administration of the radioactivity; although this medical practice is not globally employed, it enhances the sensitivity and improves lymphatic flow and the activity uptake in the SLNs, which affects the SLN to IS activity ratio [24] [25] [26] .
A formalised standardisation of the radioactive material dose to be administered in SLN procedures has not yet been adopted. The suggested and investigated activities vary between 3.7 MBq and 370 MBq depending on the procedure and institution; however, 5 to 30 MBq as the total injected dose for SLN detection scanning is generally accepted and can be considered a sufficient dose for same-day surgical procedures [20] .
For this study, activity simulations for melanoma were conducted for SLN to IS activity ratios of 1:20, 1:50 and 1:100. This range was selected to cover the majority of values in studies [27] [28] [29] , and to investigate the capability of the HCGC in a range of medical scenarios. To improve the simulation, an active background has been added to imitate the uptake in the soft tissues around the SLN. The typical background to SLN activity ratio ranges between 1:10 and 1:20 [30] . This variation depends upon the type and the amount of the injected activity, and delay time between the dose administration and surgery may also affect this ratio. In this study, 1:10 background activity to SLN activity ratio was used.
Imaging procedure
The HCGC was used to image both phantoms. The lymphatic vessel phantom was also imaged using a standard/conventional large field of view (LFOV) gamma camera (Nucline TM X-Ring-R (HR), -C) equipped with a low-energy high-resolution (LEHR) collimator (extrinsic sensitivity with LEHR collimator 144 cps/MBq) [31] . For the HCGC, the 0.5 mm and 1 mm pinhole collimators were both used in this study. The SLN and LV in both phantoms were placed beneath different thicknesses of scattering medium, ranging between 5 mm and 30 mm. In the melanoma phantom, nuclear scans were obtained over varied distances between the IS and the SLN. The IS to SLN centre-to-centre distance was varied between 10 mm and 50 mm in 10 mm intervals. A metallic frame with a clamp held the HCGC perpendicular to the phantom's surface. The distance between the collimator and the Perspex surface was 100 mm. The acquisition time for both phantoms was between ∼ 100 s and ∼ 500 s.
After the acquisition procedure was performed, specific steps are initiated to enhance the image quality produced by the HCGC, and improve the accuracy of the analysis. The main step is "Blob" detection technique, whereby a Gaussian distribution is fitted to each light 'splash' produced from the scintillator. Two types of Blob detection modes can be produced; Cumulative and -5 -Centre-Point detection modes. Centre-Point image takes the peak of the Gaussian fit and plots this only whereas the Cumulative image takes the whole Gaussian fit and plots the whole spread of each splash. A detailed explanation of Blob detection technique is explained elsewhere [14, 32] .
In this study, all the data produced by the HCGC and used to produce graphs are taken from Centre-Point mode images with different acquisition periods, and all gamma and hybrid images presented in this study are enhanced utilising Cumulative detection mode. These images were also processed using Image-J software Gaussian Blur filter (Gaussian sigma = 1 pixel) [33] . It is important to mention that the view and the acquisition technique for Centre-Point mode are comparable to that produced by standard LFOV gamma cameras.
Measured parameters
For the lymphatic vessel phantom, count profiles were obtained with a fixed collimator to surface distance (100 mm). The target object (i.e. the lymphatic vessel) was positioned underneath different Perspex thicknesses ( figure 2A) . The HCGC was held perpendicular to the surface of the Perspex. The full width at half maximum (FWHM) of the count profiles was recorded.
For the melanoma phantom, the SLN was placed beneath a variety of scattering medium thicknesses ( figure 2B ). The HCGC was fixed 10 mm away from the surface of the scattering medium. The contrast to noise ratio (CNR) is calculated for the sentinel lymph node at different depths (ranging from 5 mm to 30 mm), fixed distance (i.e. 20 mm) from the injection site and various SLN to IS ratios (i.e. 1:20, 1:50 and 1:100). CNR measurements should be conducted for a small field of view gamma camera to advise the operator if a hot spot (e.g. lesion or SLN) can definitely be assessed as detectable or not. Rose (1973) gives an approximation that in order to be detectable an object's CNR must exceed 3-5 [34] . The CNR calculation formula utilised in this study is as follows [35, 36] 
Where N l corresponds to the mean counts of a lesion area (i.e. SLN) and N bg is the average background count level. σ bg is the background counts' standard deviation. The Image-J and Origin 9.1 [37] programmes have been utilised for analysing and plotting purposes. A circular region of interest corresponding to the lesion area was defined based on the actual simulated SLN's size and shape (i.e. 7 mm diameter); also, a background region of interest of identical size was chosen.
Results and discussion
Characterisation of HCGC performance with a lymphatic vessel phantom
Lymphatic mapping for surgical or biopsy procedures is based on the idea that the lymphatic fluid drains from a primary malignant tumour site to a specific regional lymph node. Moreover, a common definition for the SLN concept is that provided by Morton et al., which defines a sentinel lymph node as any lymph node on the afferent (i.e. towards the node) drainage pathway from the primary tumour [38] . This definition reflects the importance of the lymphatic vessel detection, and its integral part in detecting and determining the SLN. Therefore, the lymphatic vessel phantom has been constructed to assess the HCGC capability in LV detection.
-6 - Figure 3 shows the relationship between the measured FWHM of the simulated LV at different distances from the IS for both the standard LFOV gamma camera and the HCGC. The measured spatial resolution was significantly better (i.e. smaller FWHM) for the HCGC than the standard LFOV gamma camera, independent of separation or depth of scattering material. The FWHM of the modelled lymphatic vessel remains at a steady level (variation < 5%) when the distance from the centre of the IS was more than ∼ 15 mm, reflecting the fundamental spatial resolution of each camera (measured at 100 mm from the phantom). In figure 4 , at a fixed acquisition time of ∼ 500 s, the steady increase in the full width at half maximum (FWHM) shows the degradation in spatial resolution with an increase of scattering medium thickness. The poorest spatial resolution recorded by the HCGC in this experiment is 6.3 mm at 130 mm collimator to source distance and 30 mm Perspex thickness. Nevertheless, these results are better than those produced by the standard LFOV gamma camera ranging between 7.1 mm and 8.1 mm underneath 5 mm to 30 mm of scattering material.
Performance comparison between LFOV and SFOV gamma cameras
It may be noticed that the spatial resolution of the HCGC system degrades slightly faster with increasing thicknesses of scattering medium due to the nature of pinhole collimation. However, for clinically relevant scenarios the influence of the degradation in spatial resolution between the two gamma cameras remained relatively small given the limited depths of the LVs inside the human body in most cases. 
Gamma and hybrid imaging with a lymphatic vessel phantom
The concept of hybrid imaging is proposed as a way of improving the HCGC capability of activity localisation during nuclear imaging procedures. The clinical advantage of presenting gamma and optical images simultaneously would be appreciated, mainly in the intraoperative situation, because of the valuable anatomical and functional information provided. Hybrid optical and gamma images of the simulated lymphatic vessel are produced by the HCGC, as shown in figure 5 . They show good co-alignment of the optical set with the HCGC. This co-aligned configuration of the HCGC allows an accurate localisation of hot spots within the field of view. The ability to recognise the texture and the shape of abnormal tissues (e.g. lesions) by viewing the fused image, providing functional and anatomical information simultaneously, may improve the HCGC detection sensitivity over non-hybrid SFOV gamma systems.
In figure 6 , a dual injection site has been simulated with two Eppendorf tubes. The simulated dual injection site is located within the field of view (FOV). Even in the presence of the high-activity dual injection site (∼ 80 MBq) the targeted lymphatic vessel can be imaged within an acquisition time of ∼ 100 s. Increasing the acquisition time to approximately 500 s further enhances the gamma image contrast ( figure 6B ).
Characterisation of HCGC performance with a melanoma phantom
The use of nuclear substances for detection purposes during SLN biopsy procedures in patients with melanoma is a well-recognised medical practice [39] . These procedures use LFOV gamma cameras -8 - pre-operatively and gamma probes intraoperatively. However, this study introduces the HCGC to the field of SLN detection in melanoma cases and evaluates its capability in SLN detection in different clinical scenarios. The melanoma phantom described in section 3.1, figure 2B is used to simulate the SLN at different positions and varied concentrations of radioactivity.
Detectability of the sentinel lymph node (SLN)
The detectability of a SLN by a small field of view (SFOV) gamma camera is associated with the CNR. In figure 7 , the SLN to IS activity ratios were 1:20, 1:50 and 1:100, and analysis was performed on gamma images produced by the HCGC (fitted with 0.5 mm diameter pinhole collimator) with ∼ 100 s acquisition time. Within this short acquisition time, the HCGC is able to detect SLNs containing different concentrations of radioactivity with high CNR values. For instance, the worst CNR value recorded is 11.6 at 30 mm depth with 1:100 SLN to IS activity ratio; however, the SLN -9 - is clearly detected as seen in figure 8 . This value is higher than the threshold value (i.e. 3-5) that stated in the Rose criterion [34] . Consequently, the HCGC's capability to detect SLNs at various scattering thicknesses and with different concentrations of activity reflects the usefulness of the HCGC in critical clinical situations (e.g. surgical or interventional procedures).
It can be seen in figure 7 that changes in radioactivity uptake effectively influence the HCGC's ability to detect the SLN; however, this effect becomes less pronounced with increasing thick--10 - nesses of scattering material. Therefore, for deep SLNs in some clinical cases, applying compression during the functional imaging procedure (e.g. by using compressing pads) will improve the detectability while maintaining a large field of view.
The effect of scattering material on the HCGC detectability can be also minimised by shortening the collimator to surface distance, which will however reduce the field of view, but enhance the system spatial resolution, improve sensitivity, reduce scattering radiation and improve detectability. Furthermore, the choice of a wider pinhole collimator (i.e. 1 mm diameter) will improve the detectability when the separation between the IS and the SLN is larger compared to the change in the spatial resolution; however, the system spatial resolution of the HCGC will be affected. A comparison of the detectability between a 0.5 mm and 1 mm diameter pinhole collimators has been made (see figure 9 ). The poorest CNR value recorded for the 1 mm diameter pinhole collimator is 42.5 at 30 mm depth with 1:100 SLN to IS radioactivity ratio. This value is significantly higher than the value recorded by using 0.5 mm diameter pinhole collimator at the same condition (i.e. same depth and activity concentration),
In addition, acquisition time greatly affects detectability. To detect SLNs with small size, low activity uptake or at depth, longer acquisition times would be recommended. These adaptations would make the HCGC a suitable tool for functional imaging under different clinical conditions.
Influence of relative injection site position on SLN detectability
In figure 10 , the IS and the SLN were separated by a centre-to-centre distance of 10 mm, i.e. a 1.5 mm gap separation when the size of the IS and the SLN are taken into account. Using 0.5 mm diameter pinhole collimator, the HCGC is able to clearly resolve the SLN at the closest point to the -11 - IS. As previously discussed, the difference in the concentration of radioactivity noticeably affects the HCGC ability to detect lymph nodes. Nevertheless, even with the 1:100 SLN to IS activity ratio the HCGC is still capable of resolving the peak of the SLN count profile curve within a ∼ 200 s acquisition period. According to the SLN concept discussed above the ability of the HCGC to detect the closest SLN to the IS with good spatial resolution would improve the diagnostic process. Figure 11 represents the gamma images obtained by the HCGC equipped with 0.5 mm diameter pinhole collimator for the SLN at 10 mm Perspex depth and various IS to SLN distances ranging from 20 mm to 50 mm. These gamma images were analysed to produce the count profile curves for simulated SLN with an acquisition time of ∼ 200 s as shown in figure 12. The apparent SLN count level decreases as the SLN is located stepwise further away from the IS. This behaviour reflects the effect of IS activity on neighbouring anatomical structures. As the amount of radioactivity is increased in the IS, the scattering caused by this activity is increased. However, the HCGC is able to resolve counts peaks (i.e. SLNs) at different IS to SLN distances effectively.
In addition, administration of high amounts of radioactivity in the IS would increase the uptake (i.e. the detectability) in targeted SLNs far from the IS such as inguinal SLNs, which may be useful for functional imaging during metastasis biopsy procedures. However, neighbouring SLNs (i.e. close to the IS) may be flooded by scattering of the IS radioactivity. Therefore, for nuclear radioguided SLN biopsy in patients with suspected malignant cutaneous melanoma, the activity of the administrated dose ranging between 7 and 20 MBq in small volumes (i.e. 0.05 to 0.2 ml based on the skin thickness of the examined anatomical area) [30, 40] . This practice will improve the HCGC's ability to detect neighbouring SLNs and avoid any chance of collapsing LVs.
-12 - 
Influence of radioactivity concentration on LV and SLN appearance
In figure 13 , the same gamma imaging procedure is performed on a specific configuration of the melanoma phantom. The simulated SLN and LV were placed underneath 30 mm of Perspex, and the SLN to IS distance was set at 50 mm. However, the SLN and LV to IS activity ratio was varied between 1:20 and 1:100. The acquisition time during this imaging process was ∼ 200 s.
The SLN is clearly detected for all investigated phantom configurations (i.e. at IS to SLN distances ranging between 10 mm and 50 mm; and thicknesses of Perspex ranging between 5 mm and 30 mm) and for all simulated SLN to IS activity ratios for melanoma detection. The simulated LV of 80 mm length is detectable with 1:20 LV to IS activity ratio (i.e. a 0.75 MBq dose). However, the LV was not clearly imaged with activity ratios of 1:50 and 1:100 (0.3 MBq and 0.15 MBq) at large depths (figure 13B and C). It is important to clarify that the activity ratios used with the simulated LV in this study are not estimated based on clinical data, and that the selection of the simulated LV to IS activity ratios for the LV in the melanoma phantom was made to determine the limit of detection with the HCGC.
The observed changes in the SLN size (figure 13) in the gamma images follow changes in the SLN activity concentration; i.e. the SLN appears smaller with lower radioactivity concentration. However, the optical camera would improve the accuracy of SLN localisation with various activity concentrations; i.e. by inspecting the hybrid image, even if activity is strongly accumulated on a specific side of the SLN, the discrimination of the edge of the SLN and its texture from the surrounding tissues would be easier.
Conclusion
The lymphatic system is currently the focus of interest because of its significant role in tumour metastasis. A simulation technique and two lymphoscintigraphic phantoms have been illustrated and utilised to validate the capability of the Hybrid Compact Gamma Camera (HCGC) in lymphatic system imaging. The implementation of this quantitative assessment enables the practical performance of the HCGC to be evaluated for lymphatic vessel (LV) and sentinel lymph node -14 -(SLN) localisation. The HCGC performance as characterised by this experiment clarifies that it is appropriate for lymphatic vessel drainage imaging and SLN imaging in patients with melanoma. The anatomical view provided by the optical camera improves physical localisation for the radioactivity trapped in LVs and SLNs. A high spatial resolution and high contrast to noise ratios have been recorded in this study. The HCGC detected the simulated LV with a spatial resolution ranging between 4.4 and 6.3 mm at 100 mm collimator to surface distance, and it was able to detect the simulated SLN that containing various radioactivity concentrations with high contrast-to-noise ratios (CNRs) values ranging between 11.6 and 110.8, underneath different scattering thicknesses ranging between 5 mm to 30 mm. This HCGC capability to detect the simulated LV and SLN reflects its suitability for use in critical clinical situations such as interventional and surgical procedures. Further assessment will be performed with the purpose of testing the HCGC in a surgical theatre setting.
